Physical Chemistry L a b o r a t o r y , University of Oxford {Received 31 March 1948)
The reducing power of cells of JBact. lactis aerogenes has been measured by dye reduction tests with resting and with growing cultures in media containing as nitrogen sources ammonium salts or nitrate, and under aerobic and anaerobic conditions. . Changes in growth rate have been correlated with changes in the reducing power accompanying transitions from one medium to the other or from anaerobic to aerobic conditions and vice versa.
Two types of adjustment play a part in the observed phenomena: (a) rapid changes in con centrations of active intermediates, (6) slow adaptive modifications of enzyme systems in response to needs of the cell.
The former are exemplified inter alia by the rapid fall in reducing power and growth rate when an anaerobic nitrate culture is aerated. The latter include the development of extra reducing power when the cell has to use nitrate as a source of nitrogen and of still more when the nitrate has to be reduced in presence of oxygen.
I n t r o d u c t io n
Bacterial cells can live and function under an extraordinarily wide range of con ditions, deriving their material and their energy from very varied sources. When the conditions are changed, however, transitional phenomena of great interest appear. These include, on the one hand, lags and actual arrests of growth occurring while certain kinds of adjustm ent are in progress, and, on the other, the adaptive processes whereby growth in new conditions gradually leads to optimal functioning.
Previous work in this laboratory has touched upon these themes in different ways. Adaptive mechanisms have been studied in the light of the hypothesis that adjustment to utilize new sources of material or to resist drugs involves a change in the proportions of various parts of the cell substance (Davies, Hinshelwood & Pryce 1944; Lodge & Hinshelwood 1944; Postgate & Hinshelwood 1946) . In particular, Bact. lactis aerogenes and Bad. coli, normally grown with ammonium salts as the nitrogen source, were shown to adapt themselves to the optimum utilization of nitrate and nitrite by serial subculture in media containing these salts. The reduction mechanisms appeared to be closely linked with the normal de hydrogenase systems of the cells (Lewis & Hinshelwood 1948) . In the subsequent development of this work the following observations were made. When a culture is growing with reduction of nitrate or nitrite and an ammonium salt is added to the medium, the reduction ceases abruptly and, in general, only begins to show a slow and autocatalytic recovery when the ammonium salt is nearly all consumed. When a culture is growing in a nitrate medium through which a stream of nitrogen is passed to maintain anaerobic conditions, and the nitrogen is replaced by air, growth ceases abruptly and only begins again after a considerable delay.
These facts received a general interpretation in terms of the hypothesis th at growth in the normal medium, with glucose as the source of carbon, involves an oxidation-reduction system X , X H 2, which is common t reactions. The ratio [XH2]/[X] expresses the reducing power of the cell. Sudden aeration lowers this ratio and so impedes nitrate and nitrite reduction. Optimum growth with utilization of ammonium salts demands a low value of the ratio (as shown by the need for effective aeration). Thus optimum growth in ammonium salts is not compatible with reduction of nitrate or nitrite.
These investigations have now been followed by direct experiments on the reducing power shown by the cells under various conditions of growth. The results have bearing upon the general question of the co-ordination of cell mechanisms. They receive a satisfactory interpretation in terms of the view th at there occur two kinds of adjustment, namely, rapid changes in the concentrations of active intermediates, and slower enzymic modifications which can only be completed by actual growth. 2
R e d u c t io n o f d y e s b y c e l l s u s p e n s i o n s . M e t h y l e n e b l u e
The first part of the experimental investigation was necessarily devoted to the study of the reduction of dyes by cell suspensions with the object of finding suitable tests for the measurement of the reducing power a t various stages of growth in different kinds of media. The point of departure was the well-known Thunberg methylene-blue reduction test (cf. Hewitt 1936) .
In some of the experiments the solutions used were saturated with a ir: in others the air was replaced by bubbling through the solutions a stream of nitrogen very thoroughly freed from oxygen by passage over reduced iron at 700° C in an apparatus due to Dr B. Lambert (to whom we are indebted for its loan). In some experiments the reduction of the dyes was gauged by comparison with visual standards, and in others the solution under test was transferred to the glass cell of a Spekker absorptiometer and the reduction estimated colorimetrically. When the conditions were to be kept anaerobic the cell was covered with a greased glass plate, care being taken th at no bubbles were trapped inside. Where continuous readings were required of the fading of the dye, the Spekker instrument was enclosed in a glass case kept within a degree or two of 40° C, the culture solutions being maintained at 40-0° C in a thermostat.
The cells used were from a strain of Bact. lactis aerogenes maintained in the laboratory. Media consisted of phosphate buffer, magnesium sulphate, glucose and the nitrogen source as described by Lewis & Hinshelwood (1948) . The pre paration of suspensions was as described by previous authors (Quastel & W hetham 1924 (Quastel & W hetham , 1925 Davies & Hinshelwood 1947) .
Adjustments in bacterial reaction systems. I
A 8 0 -cA< time after inoculation at which dye is added (min.) I t was first established th a t the time required for 50 % reduction of methylene blue is made up of two parts, the first being independent of the dye concentration and determined simply by the removal of oxygen from the system, the second representing the reduction of the dye itself. This may be shown in various ways.
A series of media each consisting of 5 ml. of the normal growth medium minus the nitrogen source were simultaneously inoculated with 1 ml. of a suspension of washed cells. At any required time 0*2 ml. of a 1 g./l. solution of methylene blue was added so as to give a concentration of 33*3 mg./l. Air in the space above the solution was replaced by nitrogen. The time required for the dye to be half reduced was measured. Typical results are shown in figure 1.
The time from inoculation to the chosen reduction end-point is independent of the moment of addition of the dye, provided th a t it is added before the point B.
From
A to Bs ome process is occurring at a rate independent of the presence of the methylene blue. I f the dye is added after B, its own time of reduction is constant! as shown in the lower curve of figure 1. The length of A B is a function of the initial oxygen content of the solution, as shown in figure 2, and thus A B is almost certainly concerned with oxygen removal The time required for the second part of the reduction process is directly pro portional to the concentration of the dye itself, and thus this phase represents the actual dye reduction. This is shown by the linear plots in figure 2. Careful experiments were next made with a growing culture saturated with air • a t 40*0° C.. Methylene blue was added to give a concentration of 60 mg./l., the aeration was stopped and a sample was transferred to the cell of the absorptiometer, all further access of air being prevented by the ground-glass cover. The fading of the dye was observed continuously, and from a calibration curve the precise con centration of th a t remaining a t each time was found. No reduction of the methy lene blue occurred for 5-52 min. At the end of this time the concentration began to fall a t a rate of 23*0 mg./l./min. This rate remained nearly constant until the reaction was about half complete and then slowly decreased.
The concentration of oxygen in a solution in equilibrium with air a t 40*0° C is 0*0062 g./l. or 0*775 mequiv./l. This corresponds to 124 mg./l. methylene blue. The removal of the oxygen required 5*52 min., which corresponds to a rate of dye removal of 22*5 mg./l./min., which is close to the observed rate of methylene-blue reduction of 23*0 mg./l./min. I t appears, therefore, th a t oxygen and methylene blue are reduced at equivalent rates.
Co m pa r iso n o f t h e b e h a v io u r o f v a r io u s d y e s
The dyes investigated are given in the following list; not all of them proved suitable for quantitative work:
Adjustments in bacterial reaction systems. I The oxidizing power of the dyes decreases from top to bottom of the list.
The results illustrated in figure 3 were obtained with washed cells in the glucosephosphate-magnesium sulphate medium w ithout nitrogen source, the solution containing a small amount of air derived from the cell suspension and the air above the test solution having been replaced by nitrogen. The reduction time was determined for various cell counts and its reciprocal plotted as in the figure. From this may be read off the reduction time for a cell count of 150 units (the unit is 106/ml.). The numbers thus found are given beiow. In other words, increase in the oxidizing potential of the dye is accompanied by a general increase in the speed of reduction, though the differences between the three lowest numbers are small. This will be referred to as behaviour of ty p e I. The relations, however, are by no means as simple as this m ight suggest, and depend upon the conditions of the experiment. If the above tests are repeated with an aerated medium, the three dyes lowest in the above oxidation scale are not decolorized a t all. The three more easily reduced dyes are in fact reduced, though in times considerably longer th a n those found in the anaerobic tests, but after some time they are reoxidized once more. This shows th a t as the aeration of the medium is continued the actual balance of cell processes in the resting culture undergoes a change.
The complication revealed by this last observation appears in a more general form on further investigation. According to conditions, two types of behaviour are observed: type I, already exemplified, where the reduction time is less for dyes whose potentials suggest easier reduction, and type II, where a quite different relation holds. Type I tends to appear when cells are taken from an actively growing culture and to give place to type I I when they are tested some time after inoculation into a medium lacking a nitrogen source for growth. This Jin dicates once more th a t the balance of cell processes can shift in such a way th a t the dyes whose potentials are far above th a t of methylene blue are no longer accessible to attack. Under the appropriate type I conditions 'naphthol p in k ', brilliant cresyl blue and methylene blue in the absence of air are all reduced by a washed susp saturated with nitrogen, a t the same rate. This is shown by the results in figure 4.
I f the solutions are initially saturated with air, L auth's violet, brilliant cresyl blue and methylene blue give nearly the same reduction times, bu t with 'naphthol p in k ', and with Bindschedler's green, the reduction times are shorter, some reduction occurring while air is still present. The contrast in behaviour between 'naphthol p in k ' and methylene blue is shown in figure 5. Under type I I conditions in anaerobic^tests with 60 mg./l. of dye the rates of reduction are, initially and over a wide range, 14*5 % per min. for methylene blue, 13*9 % per min. for brilliant cresyl blue and 3-6 % per min. for 'naphthol p in k '. Figure 6 shows the reduction of methylene blue a*d of * naphthol pink ' in media initially saturated w ith air, with cells in the type I I condition. The reduction of the latter dye is seen to set in sooner but to proceed more slowly.
Adjustments in bacterial reaction
As to the interpretation of the two types of behaviour, all th a t can be said a t the moment is the following. In optimum (type I) conditions, all the dyes appear themselves to be reduced anaerobically a t the same rate, and those of higher oxidizing potential can even compete w ith oxygen, so th a t aerobically the final reduction may be attained more quickly than w ith those of lower potential. As the cells pass into the condition favouring type I I behaviour^ mechanisms which are involved in the reduction of the dyes of higher potential (remote from methylene blue in the series) appear to pass out of action. This suggests the existence of Vol. 135. b .
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a cascade of oxidation-reduction processes which when fully operative can transfer hydrogen to any of the dyes, but parts of which become inoperative in resting cells, so that these can only transfer hydrogen to dyes appropriately placed in the series (and, in point of fact, not too far removed from methylene blue). For our present purpose there is no need to pursue this matter, but it will be further investigated in connexion with experiments on the utilization of different carbon sources in aerobic and anaerobic conditions. The above experiments are enough to define the conditions of tests applicable to the study of nitrate reduction and similar phenomena. The behaviour*with different dyes obviously depends in a rather complex way on the various oxidizing and reducing functions of the cell in its different states. For the study of nitrate reduction it was therefore decided not to rely upon the order of the dyes in the redox series but to make comparative tests, aerobically and anaerobically, in different media and under various conditions with one or two standard dyes without relying upon the relation between the dyes themselves.
R o u t in e t e s t f o r e x a m in a t io n of c u l t u r e s
For the study of the reducing power of various strains of bacteria in nitrate and in ammonium sulphate media under different conditions some standard tests were necessary. In the light of the foregoing the following were adopted:
(a) Aerobic test. A 5 ml. sample of the culture was withdrawn and kept aerated in a 6 x | in. test-tube a t 40*0° C. 0*2 ml. of a 1 g./l. solution of methylene blue was then added. The air supply was cut off and the tube twice evacuated and filled with nitrogen. The time between the cutting off of the aeration and the moment when the methylene-blue concentration fell to 5 mg./l. (estimated visually) was noted. During this time approximately 1 mequiv. of hydrogen has to be released for reduction of oxygen and dye.
(6) Anaerobic test. A 5 ml. sample of the culture was transferred to a test-tube through which a slow stream of pure nitrogen was passing. 0-4 ml. of the 1 g./l. solution of methylene blue was added and the test-tube immediately evacuated twice and refilled with pure nitrogen. The reduction time was then measured as before. In this test approximately 0-5 mequiv. of hydrogen has to be released for reduction of the dye.
The activity of the cells is expressed as l/(reduction time) divided by cell count and, for convenience, multiplied by 104. Activities in the anaerobic test are normally halved for comparison with the aerobic test, since only half as much reduction has to be accomplished.
Both tests could be varied by substitution of ' naphthol pink ' for methylene blue.
R e d u c in g p o w e r o f c u l t u r e s d u r i n g l o g a r it h m ic g r o w t h
The reducing power of actively growing cultures in the ammonium sulphate medium and in the nitrate medium was examined both by the aerobic and by the anaerobic test. The results are given in table 1.
Adjustments in bacterial reaction
. I Figure 7 shows th a t throughout the logarithmic phase in a given medium a constant level of reducing power is maintained.
T a b l e 1. R e l a t iv e r e d u c in g p o w e r s (r e c ip r o c a l r e d u c t io n t im
From table 1 the following conclusions may be drawn about this reducing power: (a) In the ammonium sulphate medium it is approximately the same whether the culture is aerated or not. (6) In aerated nitrate cultures it is greater than in the corresponding ammonium sulphate cultures, (c) In the nitrate medium it is greater for aerobic than for anaerobic cultures.
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Translating these results into terms relevant to the general discussion we may say: I. The reducing power needed and developed by the cell in ammonium saltglucose media is nearly the same for aerobic and for anaerobic growth.
II. In nitrate media the cells develop the extra reducing power which they need in order to obtain their nitrogen from the nitrate.
III. That to reduce nitrate in presence of oxygen the cells need and actually develop even more reducing power than they need and develop in its absence. 
R e d u c in g p o w e r d u r in g in it ia l st a g e s op grow th
When washed cells taken from an actively growing aerobic culture in the glucoseammonium salt medium are placed in a medium lacking a nitrogen source, they show at first the behaviour characteristic of their original condition, giving values of 15-0 for methylene blue and higher values for 'naphthol pink'. After a time, however, even as little as 10 min., the reduction time for the latter rises and the cells show the behaviour referred to as th at of type II.
If ammonium sulphate is added about 30 min. after inoculation, growth starts a t once at the optimum rate. As growth proceeds, the rate of reduction of the 'naphthol pink' slowly increases, th at of the methylene blue showing no detectable change.
When sodium nitrate is added as the source of nitrogen, the growth does not begin at once. Under anaerobic conditions there is a delay of about 15 min. and within about 30 min. logarithmic growth is established. There is, during this initial period, a rapid decrease in the ability of the cells to reduce the methylene blue; no reduction at all occurs when the logarithmic phase is established.
When the nitrate is added to an aerated culture there is no growth a t all for over 2 hr., during which time the reduction rates of methylene blue and of 'naphthol pink' slowly decrease. Slow growth then sets in and the reducing power towards both dyes rises. About 5 hr. after the addition of the nitrate, logarithmic growth, with mean generation time 52 min., is established, and the reducing power towards the dyes has risen to the values characteristic of the steady state (table 1) . The growth rate and the reducing power are closely parallel as can be seen in figure 8. From these results we derive the following conclusions which for future reference are numbered consecutively with those of the previous section:
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IV. Steady conditions for the anaerobic reduction of nitrate are established very much more rapidly than those for the aerobic reduction, the greater reducing power required for the latter being developed only in the course of growth.
V. Steady conditions for optimum growth in the ammonium salt medium are established rather rapidly.
VI. Slow and reversible processes occur in resting cells which cut out the reduction of 'naphthol pink' while leaving th a t of methylene blue unchanged. This has already been discussed in § 3.
. E f f e c t o f c h a n g in g a e r a t io n c o n d it io n s d u r in g g r o w t h
During logarithmic growth, conditions were changed from aerobic to anaerobic or vice versa, the cell counts and the reduction times for methylene blue and for 'naphthol pink' being determined a t frequent intervals. The results are given in table 2. The conclusions from these experiments are: V I I . Aerobic growth is more rapid in ammonium salt medium, anaerobic growth in nitrate.
V III. During anaerobic growth in ammonia the enzyme systems necessary for aerobic growth seem to be fully mobilized, but during aerobic growth some of those needed for anaerobic growth are not, and need 20 to 30 min. for mobilization. The aerobic-anaerobic transitions with ammonium salts are, however, less drastic than with nitrate.
IX. The deleterious effect of oxygen on growth in nitrate is exerted at once; the recovery requires very considerable adjustments which are only completed during growth.
X. Growth in nitrate and reducing power run parallel.
E ffe c t of am m o n ia a d d it io n s to a n a e r a t e d n it r a t e c u lture
Addition of ammonium sulphate to a growing aerobic culture in nitrate has already been shown to cause increased growth rate (with utilization of the ammonia) and a sharp fall in nitrate reduction (Lewis & Hinshelwood 1948 )-The accompanying changes in reducing power have now been studied. Figure 9 shows that on addition of the ammonium sulphate there is a fall in the manner which might be expected from the results of the preceding sections.
When the ammonia has been used up, growth in nitrate recovers and the reduction rates increase correspondingly. (Recovery under these conditions requires con' siderably longer than the time taken by washed cells in nitrate to reach optimum growth, the growth in ammonia leading apparently to some specific inhibition of the recovery process.)
The result of this section is to show th a t: XI. When growth in nitrate is arrested by addition of ammonia the reducing power drops.
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. I 313 9. T r a in in g o f c ells to a e r o b ic g r o w t h i n n it r a t e I t has already been shown th a t serial subculture in media containing nitrate is accompanied by adaptation of the cells to utilize the medium more effectively. The question now arises as to the corresponding changes in the dye reduction test.
•2 10 Normal cells were grown for the first time in the nitrate medium, and were sub jected to the aerobic methylene blue test. After growth the cells were washed and reinoculated into nitrate. This was repeated through a series of subcultures. The results are given in As the cells adjust themselves to optimum growth in nitrate the concentration of certain reducing substances tends towards higher values. Dilution of the culture during growth seems able to cause loss of diffusible material and to impair the reducing power as shown in table 4. The culture is, however, better able to withstand the effect of dilution the longer growth in nitrate has continued, there being then presumably a reserve of enzyme activity.
From the results of this section we conclude : X II. That although a moderate amount of cell multiplication in the nitrate medium is enough to evoke the increased reducing activity needed for aerobic growth, the stabilization of this increased activity demands serial subculture for some time. This is parallel with what is found during training to resist drugs or during training to utilize new sources of carbon (Hinshelwood 1946 ). There are various interpretations possible. Whether in this instance the final stable enzyme system is the same as th at responsible for the initial reversible increase in activity cannot be stated decisively.
D isc u s s io n
The proximate conclusions of each of the previous sections have been given in the appropriate places. I t remains to consider their interpretation. (The references are to the numbered conclusions of previous sections.)
Certain of the facts receive' a simple explanation in terms of the variations in concentration of an intermediate common to more than one set of enzyme processes. We write the scheme (in which there may be more than one compound of the type XH 2, and where the processes schematized by (1), (2), and (3) may be complex): In logarithmic growth in a given medium a steady concentration and a steady rate of production of X H 2 is established, which is reflected in the constancy of the dye test. In the nitrate medium, X H 2 attains a higher concentration than in the ammonium salt medium. If oxygen is passed into an anaerobic nitrate culture [XH2] is rapidly lowered and the growth rate and reducing power drop (IX and X).
In nitrate media the cells can obtain no nitrogen for growth except by reducing the nitrate. Oxygen, by keeping [XH2] lower than it might otherwise be, lowers growth rate. In the ammonium salt media there is no such deleterious effect of oxygen, and the more complete oxidative processes possible in these media make aerated growth more effective than anaerobic. The sequence of growth rates is th u s: aerobic growth in ammonia, anaerobic growth in nitrate or ammonia, aerobic growth in nitrate (VII).
The addition of ammonia to a nitrate culture causes a diversion of X H 2 with immediate drop in nitrate reduction (XI). As soon as aeration is stopped in a nitrate medium, the removal of the competition by oxygen for the intermediate X H 2 allows the latter rapidly to reach a higher concentration and the growth rate rises (IV) .
In all these examples we have to deal with a very rapid response, the adjustm ent being simply th a t of the concentration level of an active intermediate in the oxidation-reduction system.
The other conclusions listed in the previous sections relate to more profound adjustments in enzyme systems, which arise in response to definite needs of the cell. These are slow, and, in principle, may include both expansions of particular enzymatic regions of the cell by actual growth, and slow accumulation of necessary co-enzymes in processes analogous to those occurring during lag phases.
For the utilization of nitrate, extra reducing power m ust be developed, and in fact does appear, but only slowly. For aerobic utilization the reducing power needed is higher (because the competition of oxygen has to be overcome) and develops more slowly still (II, III, IV, X II).
One observation calls for special comment. Although it is consistent with th e whole interpretation given th a t methylene blue should be less easily reduced in the anaerobic nitrate cultures, it is surprising th a t in these conditions no reduction should occur at all. The explanation is probably of a specific nature. In these cultures the nitrate has to be reduced not merely to provide nitrogen but to replace oxygen for quite other purposes. This may well involve adjustm ents in various oxidizing systems and the resulting change in the balance of reactions may lead to the formation of intermediates which can actually reoxidize leuco-methylene blue.
As to the relation of aerobic and anaerobic growth in ammonium salt media, it has appeared th a t little adjustm ent is needed in the transition from the latter to the former. Certain extra powers have, however, to be mobilized for the reverse transition, and require a little time. They do not, however, seem to affect the reducing power which is about the same for the cells adjusted to either condition (I, V, V III).
The various adjustments discussed fall into two classes: those due to con centration changes and those depending upon a modification in overall enzyme activity which arises in response to a need. The former require no further explana tion. The latter, which are the more strictly adaptive changes, have been shown to play an important part in the particular phenomena described. They are, however, of quite general importance and their mechanism is discussed in correspondingly general terms in the following paper.
